The reaction pathway of sulfur dioxide electro-oxidation is investigated here by comparing its behaviour on platinum and gold. A gold electrocatalyst does not need to be sulfur modified in order to display high activity, meaning the substrate is inherently more active than platinum. Analysis of diffusion behaviour and reaction order on these substrates suggests that both kinetic and diffusion limitations control oxidation on each electrode. However, it is proposed that a similar oxidation pathway, involving adsorption and subsequent oxidation of sulfur dioxide on the electrode surface, is followed for an activated electrode. Mass changes were monitored at the electrode surface using an electrochemical quartz crystal microbalance, and both in-and ex-situ observations support this pathway proposal.
INTRODUCTION
Sulfur dioxide electrochemistry has been an area of widely varied research interest over the last few decades. The reaction has been of interest most recently due to its poisoning effect on the oxygen reduction reaction in fuel cells [1] . The electrochemical oxidation of sulfur dioxide is also of great relevance to the hybrid sulfur (HyS) cycle, a water splitting cycle for large scale hydrogen production. The greatest advantage the HyS cycle has over conventional electrolysis is the reduction in the required electrical input through the use of sulfur intermediates. Hydrogen and oxygen evolution steps are split into electrical and thermal components, respectively, and both energy inputs can be supplied using solar sources [2] . Hydrogen is evolved as the cathodic reaction of an acid electrolyser, while, sulfur dioxide is oxidised to sulfuric acid in the anodic compartment; i.e., The evolution of hydrogen (Eqn (1)) occurs with an onset close to thermodynamic predictions.
However, the anodic oxidation of sulfur dioxide, has been shown to have an onset far above thermodynamic predictions, showing clear kinetic limitations and variable catalytic activity depending on the electrode substrate [3] . Catalyst development for this reaction has previously been limited to screening of mostly noble metals and some transition metal alloys [4] . However, the complexity of the reaction, and its sensitivity to surface preconditioning [5] , suggests an active catalyst may best be found through mechanistic understanding of the reaction.
The electrochemical oxidation of sulfur dioxide has been studied extensively on platinum electrodes [5] [6] [7] [8] [9] . The performance on platinum has been intrinsically linked to sulfur formation at the electrode surface at potentials less than 0.45 V. This is due to the reduction of sulfur dioxide to sulfur according to [10] :
Activity varies between limited, catalytic or inhibited oxidation depending on the sulfur coverage, as outlined in Part I of our work [5] . A significant drop in achievable current density was observed as the acid concentration was increased [5] , although this effect was not a result of excessive sulfur formation but due to another limiting factor. It was proposed that this limitation was caused by a drop in the activity of sulfur dioxide in more concentrated solutions [5] . The greatest catalytic activity was observed to occur on platinum with approximately a bilayer of sulfur coverage [5, 11] , suggesting the electrode is completely covered with sulfur for best activity. Recently, this catalytic oxidation scenario was observed to show further inherent complexity due to an electrochemical oscillation in the oxidation current observed both over time and with changing potential [12] . This was classified as an electrochemical oscillation, and it was discussed that the most likely pathway for this mechanism involved the limiting intermediate formation of dithionate (S 2 O 6
2-
). Dithionate formation explains in part the poor oxidation kinetics of the oxidation reaction, although the reason for the oxidation overpotential is still unclear.
It has been proposed in the literature that adsorption strength of gaseous sulfur dioxide onto gold and platinum electrodes is very different [11, 12] . In the current study, the oxidation reaction on gold and platinum will be compared in order to elucidate further information regarding the role of the electrode surface and subsequent catalysis specifically related to the adsorption of sulfur dioxide. Aqueous sulfur dioxide solutions will also be studied on a gold electrode to determine the effect of acid concentration on the sulfur dioxide diffusion coefficient.
EXPERIMENTAL

Solutions
Acidic solutions were prepared from concentrated sulfuric acid (99 wt% H 2 SO 4 , Scharlau).
Stock sodium sulfite solution was prepared from its crystalline form (Ajax Fine Chemicals, minimum 98% Na 2 SO 3 assay) and spiked into acidic solutions to ensure controlled sulfur dioxide concentrations. Acidic solutions were purged with nitrogen for 10 minutes prior to sulfite addition; however, stock sulfite solutions were not purged and may contain some dissolved oxygen. All aqueous solutions were prepared using ultra-pure water supplied through a Milli-Q water system (>18.2 MΩ resistivity).
Saturated sulfur dioxide solutions were prepared by introducing sulfur dioxide gas (BOC Gases) from a gas cylinder under 500 kPa through a safety container before introducing to the working solution through a porous glass frit. Saturation was achieved after 20 minutes, while a small sulfur dioxide flow continued during the electrochemical experiments to ensure saturation was maintained.
Electrochemical Overview
A three electrode electrochemical cell was used for experiments. Polycrystalline platinum and gold working electrodes of 5 mm diameter were used as received from Pine Instruments in the E4 series quick change electrode holder. The active surface area of both electrode type types was measured using the well known [Fe(CN) 6 ] 3-/4system and electrochemical modelling [13] . The surface area of the platinum electrode was also determined using the hydrogen desorption charge (0.05 < E < 0.4 V vs. SHE) [14] . Since the electrodes were purchased with a mirror finish, a low surface roughness (R S ) was expected. A surface area of 0.2 cm 2 , giving R S = A REAL /A GEO = 1.02, was used for all electrodes to determine the current density. Electrode cleaning procedures are outlined in Reference [5] , and were used for both the platinum and gold substrates. The counter electrode consisted of a small platinum sheet (~1 cm 2 ) wrapped around platinum wire, wound in a spiral and separated from the main solution by a glass frit. The reference electrode was a double junction saturated Ag/AgCl reference electrode. All potentials reported herein have been adjusted to the SHE. To ensure consistent sulfur formation at the electrode surface, the same electrode pretreatment procedure, described in Reference [12] , was used (unless otherwise specified). This consisted of sulfur layer formation of the sulfur layer in a 1 M H 2 SO 4 + 100 mM SO 2 solution, followed by a slow cyclic sweep in the same solution at 5 mV s -1 . The electrode was then removed, rinsed with ultra pure Milli-Q water, and placed into the solution of interest.
Electrochemical Quartz Crystal Microbalance (EQCM)
The quartz crystal microbalance used was a Stanford Research Systems (SRS) QCM200. This was interfaced with an Autolab potentiostat and outputs were monitored through Nova software.
The input potential was applied to the electrochemical probe and crystal holder. Platinum and gold coated 5 MHz AT-cut quartz crystals (SRS) were used as working electrodes, and the electrode area was determined using hydrogen desorption charge on platinum (A ACTUAL = 7.8 cm 2 compared to A GEO = 1.4 cm 2 , R S = 5.6). Calibration of the crystals for the specific frequency response with mass change was carried out using copper deposition, where an average frequency for the quartz of 37.55
Hz µg -1 was determined. A small difference in this value was observed between different quartz disks (±5%). This value was used for all mass normalisations according to the Sauerbrey equation;
i.e.,
where ∆f is the frequency change (Hz), ∆m the mass change (µg), and C F the specific frequency response of the disk (37.55 Hz µg -1 ). Since copper at the electrode surface needed to be avoided due to possible mechanistic effects or spurious mass influences due to dissolution, only fresh electrodes were used for the electrochemical experiments.
The mass was zeroed manually where appropriate; however, it should be emphasised that this value is a relative number and should not be taken as absolute zero. On clean platinum and gold electrodes, cyclic voltammograms were obtained. Due to larger than normal resistance measured between the working and reference electrodes, i-R compensation was employed. The uncompensated resistance (R U ) was determined using the current interrupt method [12] (without i-R compensation strong resistance limitations were observed).
RESULTS AND DISCUSSION
Sulfur Catalysis on Platinum Versus Gold
Sulfur formation on a platinum electrode has a significant effect on the activity of the electrode, and has been has been observed to shift both oxidation peaks and onsets in several studies [3, 5] . Sulfur is formed in sulfur dioxide solutions as shown in Eqn (4) (overpotential versus log(i)) to determine the X-axis intercept. For oxidation on gold this is not the main onset potential for oxidation since a small pre-wave was observed, which has not been previously identified. In this case, the point at which the Tafel region for the main oxidation begins has been taken as the onset. An example of the Tafel plot used to determine oxidation onset potential for gold and platinum is shown in Figure 2 , for E low = 0.4 V.
For platinum, the onset potential (E onset ) and peak potential (E peak ) both decrease to more cathodic potentials, indicating a marked improvement in performance with sulfur coverage.
However, gold is not similarly affected, with a small improvement in peak current and E onset after alteration with sulfur coverage. This demonstrates a difference in the catalytic effect of sulfur on different electrode substrates, as well as the inherent activity (noted previously) of a gold substrate which does not need to be sulfur modified to show high activity.
Sulfur Dioxide Diffusion Coefficient
The diffusion coefficient of sulfur dioxide has been estimated in the literature to be 2.0×10 -5 cm 2 s -1 and 1.8×10 -5 cm 2 s -1 , determined using platinum [8] and gold [15] electrodes, respectively.
Both values were measured in 0.1-0.5 M H 2 SO 4 over a wide range of sulfur dioxide concentrations.
It is possible, considering the influence of concentrated sulfuric acid solutions on the overall electrode reaction kinetics [5] , that the diffusion of sulfur dioxide is hampered in concentrated solutions.
In this work diffusion coefficients were determined using the Levich equation; i.e., where, j lim is the limiting current density, n a is the number of electrons involved in the anodic oxidation reaction, and A is the active electrode area. D i and c i are the diffusion coefficient and concentration of species i, respectively, with ν representing kinematic viscosity, and ω the electrode rotation rate (rad s -1 ). The first oxidation peak on both platinum and gold has been previously identified as being diffusion controlled [8, 15] using coulometric and RDE techniques. However, if we compare RDE data for both electrode materials (sulfur modified for highest highest activity; i.e., E low = 0.15 V on both electrodes) as shown in Figure 3 , it can be seen that platinum does not reach diffusion limited conditions, becoming inhibited at E > 0.9 V.
Gold shows a clear diffusion plateau. This is confirmed when the diffusion limited current (values taken at E = 1.0 V vs. SHE for platinum) as shown in Figure 3 (c). A linear response with zero intercept is observed for gold, while the response for platinum is curved -indicating the contribution of a kinetic component. The slope calculated for oxidation on a gold electrode was used to determine the diffusion coefficient as 1.03×10 -5 cm 2 s -1 , which is significantly smaller than observed in the literature [8, 15] , using the kinematic viscosity for 1 M H 2 SO 4 [16] .
Results indicate that the sulfur dioxide concentration in the range of 10-100 mM has a minor effect on the diffusion coefficient in 1 M H 2 SO 4 , although a small decrease was observed as the sulfur dioxide concentration increased, as shown in Figure 4 .
When the sulfuric acid concentration is increased, a marked decrease in the diffusion coefficient can be clearly seen. Beyond a sulfuric acid concentration of 4 M, the oxidation on gold becomes kinetically limited and the diffusion coefficient can no longer be determined using this method. This decrease is not a result of changes in the solution viscosity, as it is already accounted for in Eqn (6) . The resistivity of sulfuric acid is expected to increase as concentration increases [17] , meaning sulfur dioxide diffusion to the electrode would be more difficult as acidity increases. This effect is similarly observed as a decay with acid concentration. However, the extent of the decrease observed indicates the possible interaction of sulfur-oxide solution species; e.g., SO 2 -SO 4 2interactions.
Reaction Order Data
The reaction order with respect to sulfur dioxide has been found to vary in the literature on different electrode surfaces between values of 0.5 and 2 [3] . This variation is most likely due to the fact that the oxidation mechanism varies markedly on modified and unmodified platinum electrode, [5] which may affect reaction order. The reaction order has also been determined on gold; however, only a small range of concentrations (1-6 mM) was investigated [15] . Here, the reaction order will be determined on both platinum and gold electrodes for a catalytically activated scenario; i.e., held at E low = 0.15 V for 2 minutes for a SO 2 concentration range of 25-100 mM using a rotating electrode at 500 rpm. The method used involves firstly determining the potential region under which the oxidation is kinetically limited. This can be determined from RDE data as the potential region where the current density (j) is unchanging with rotation speed. It can be seen in Figure 3 that both platinum and gold have a kinetically limited region below ~0.65 V for a 50 mM SO 2 solution (no change in oxidation current with rotation rate). To find the reaction order with respect to sulfur dioxide, the concentration needs to be varied while holding all other variables constant.
The reaction order can then be found using:
where 2 SO r is the reaction order. Plotting log(j) versus ) log(c 2 SO leads to the results for platinum and gold shown in Figure 5 . It can be seen that the reaction order is significantly different for platinum and gold. Variation is observed with potential for both platinum and gold, although changes are more significant on gold. The change in reaction order is indicative of a change in reaction mechanism as the potential region shifts. This may be a result of the pre-oxidation peak observed at low potentials prior to the main onset potential, as noted from Figure 2 . A pre-oxidation peak on gold has been previously observed, although this occurred only after cycling to very negative potentials -this peak is believed to be due to the oxidation of H 2 S species [10] . In our case, the potential has not gone low enough to have formed H 2 S. Therefore, this pre-peak is most likely due to oxidation of sulfur dioxide through a different pathway to the main peak -which would account for the change in reaction order as the main oxidation begins. The reaction order on platinum is consistently less than 1 and values are within the range of those observed in the literature, generally between 0.5 and 1.
Oscillatory Behaviour
An extensive investigation of observed electrochemical oscillations on sulfur modified platinum has been reported previously [12] . The oscillation was not observed on an unmodified platinum substrate, suggesting the oscillation, and thus the dual pathway mechanism proposed, is substrate sensitive. The same procedure that was used to investigate oscillations on platinum was applied to modified and unmodified gold surfaces, and the results are shown in Figure 6 .
The oscillation can be clearly observed on gold for both modified and unmodified surfaces.
The frequency and amplitude of the oscillations are summarized in Table 1 , where they are compared to values determined for a sulfur modified platinum electrode. A low frequency, large amplitude oscillation can be seen for sulfur modified gold, while values for the unmodified gold are more comparable to the response on activated platinum. Sulfur modification on gold has been shown to have only a small effect on onset and peak potentials, although the oscillation amplitude is clearly enhanced. Observation of the oscillation on unmodified gold suggests it is not in fact caused by the sulfur layer adsorbed prior to oxidation. Therefore, the oscillation is specific to the substrate only as a result of the active oxidation mechanism in this potential region.
Investigation of In-Situ Mass Change on Platinum and Gold
Oxidation on platinum and gold is significantly different. This has been discussed in terms of the different affinity of the substrate for sulfur dioxide adsorption [3] . The EQCM is an excellent tool for monitoring in-situ mass changes at an electrode surface during polarization, and has not previously been applied to this reaction. Figure 7 shows a cyclic voltammogram taken on platinum and gold electrodes for both the current and mass change. The well known hysteresis of oxide formation on platinum is clearly demonstrated with the mass increasing gradually on the anodic scan, and stable until a potential of 0.9 V on the cathodic scan. A negative mass change is observed in the hydrogen adsorption region despite addition of hydrogen atoms to the electrode surface. This has long been observed and is accepted to result from the potential dependent desorption of sulfate and water species pre-adsorbed at higher potentials [18] . An anodic sweep on gold shows a mass change prior to oxidation resulting from anion adsorption, followed by a much faster mass increase at higher potentials corresponding to oxide formation [14] . The oxide is then reduced and anion desorption occurs, resulting in a return to the original mass at the electrode surface. Underpotential adsorption and desorption of hydrogen was not observed on the gold electrode [14] .
Oxidation in the Absence of Sulfur Dioxide (Baseline Processes)
To interpret EQCM results, relationships between the expected mass change and the corresponding charge can be useful. If a bare platinum electrode undergoing oxidation is considered, the following reaction can be used to describe surface oxidation in acidic conditions [14] :
Based on the stoichiometry we can determine an expected value for the mass change per unit charge. This is commonly expressed as:
where ∆m is the mass change (ng cm -2 ), ∆Q is the charge density (µC cm -2 ), M is the molar mass of the adsorbed species (g mol -1 ) after the transfer of n electrons, and F is Faraday's constant [18] . The value M/nF for platinum oxide formation is 0.083 ng µC -1 using Eqn (9) . The experimental M/nF value can be determined from the slope of a charge density versus mass change plot over the potential region of interest in a cyclic scan. Figure 8 shows this analysis for the positive sweep in 
Oxidation of Sulfur Dioxide on Platinum
(i) Sulfur Dioxide Addition at the Open Circuit Potential
Specific adsorption of anions and water molecules to both platinum and gold electrodes has been widely investigated [18] [19] [20] [21] [22] , and the EQCM has been found to be particularly useful for quantifying this adsorption. Anion adsorption on platinum has been confirmed to be potential dependent with the adsorption of HSO 4 expected to occur between 0.40 -1.40 V, reaching a maximum at 0.8 V [20] . Water adsorption also occurs during hydrogen desorption between 0.05 -0.40 V. The observed mass changes in these regions were analyzed by Santos et al. [18] .
The potential region investigated in the current work for sulfur dioxide adsorption spans hydrogen desorption and anion adsorption potentials. Since more concentrated sulfuric acid solutions were used in this work than in the literature [18] , analysis of expected sulfate adsorption has been carried out in both 1 M and 4 M sulfuric acid. These results (Figure 9) show two linear regions corresponding to different potential regions including water adsorption (shallow slope) and anion adsorption (steep slope), although there has been some debate regarding the potential limits with respect to water adsorption and desorption [19] .
The slope of the data in Figure 9 was not observed for either acid concentration -a particularly small coverage was observed in 4 M H 2 SO 4 (~12 ng cm -2 ). It is therefore expected that water species will continue to adsorb into the anion adsorption region for the acids used here. The observed mass change for 4 M H 2 SO 4 (54 g mol -1 ) is not equivalent to even the dehydrated sulfate molecule (96 g mol -1 ), and the continuing adsorption of water species in this region must therefore account for this difference. Sulfuric acid solutions more concentrated than 0.5 M have not been investigated in the literature, although a weak correlation between increased coverage and bulk HSO 4 concentration was noted for low concentrations up to 10 mM [20] . Increased HSO 4 adsorption in more concentrated acid solutions is therefore expected.
We can also estimate the expected anion coverage ( larger increase in coverage for a direct concentration dependence (i.e., ten times the coverage observed in 10 mM solution). In fact sulfur coverage from reduction of adsorbed sulfur dioxide on a platinum electrode has previously been observed to reach a maximum of 0.88, with full coverage only possible using a 'double reduction' method [23] . This was thought to be required due to steric effects of adsorbed sulfur dioxide limiting the maximum electrode coverage.
Results are more difficult to interpret for a 4 M H 2 SO 4 since the pre-adsorbed layer could not be realistically estimated. It is clear from Figure 10 that mass replacement occurs on the electrode surface since an overall mass loss occurs, and several scenarios can therefore be envisaged. 
(ii) Mass Change on Platinum During Sulfur Dioxide Reduction
Following introduction of sulfur dioxide to the electrolyte, sulfur modification of the platinum EQCM disc was carried out. A similar analysis to that described for oxide formation and sulfate adsorption ( Figure 8 ) has been used to examine the sulfur layer formed, and therefore the state of the electrode surface prior to oxidation. It was calculated above that a sub-monolayer of sulfur dioxide was already adsorbed at the electrode surface prior to oxidation. Therefore, both adsorbed and bulk sulfur dioxide are expected to be reduced and contribute to the mass change. These reactions would result in an overall mass loss or gain, respectively, as indicated in Figure 11 . . This is most likely as a result of the decreased activity of sulfur dioxide in concentrated acid solutions (cf. Figure 4) .
(iii) Voltammetric Behaviour
The mass change was monitored during a full cyclic sweep immediately following electrode pre-treatment for catalytic activation of the electrode. Figure 12(b) shows the theoretical mass change calculated from the overall charge passed for the bulk oxidation of sulfur dioxide in Figure   12 (a). The expected mass change for the oxidation of alternately bulk and adsorbed sulfur dioxide to form either bulk or adsorbed sulfate, respectively, has been calculated as indicated. These mass changes are large, as would be expected for the current density observed. In fact the real mass change at the electrode surface is significantly smaller, and is seen in Figure 12 (c) to follow the shape of the oxidation very closely, including a decrease in mass at high potentials and a knee at low potentials. The overall mass change is smaller than a monolayer of both sulfate and sulfur dioxide, and the bulk effects shown in Figure 12(b) are not observed. This is clear evidence to negate a previous suggestion of the build-up of product species at the electrode surface leading to inhibition of the oxidation reaction at high potentials [5] .
If we compare the observed mass change during oxidation with the mass change observed for oxide formation, as shown in Figure 12(d) , it can be seen that the overall gain in the presence of sulfur dioxide is higher than that seen for an oxide layer, and also increases at a faster rate (mainly at lower potentials). Oxide layer formation appears to be altered or inhibited, probably due to the existing sulfur layer on the platinum electrode surface.
Mass changes at the EQCM electrode surface in the 10 mM SO 2 + 4 M H 2 SO 4 solution are shown in Figure 13 (b). The curves vary significantly depending on the solution conditions, although in each case the mass increases during oxidation were less than the equivalent of a monolayer of sulfur dioxide (116 ng cm -2 ). The mass change at the electrode surface for both 10 and 100 mM SO 2 solutions follows the observed current density trends, including a peak in the observed mass change at low potentials in 10 mM SO 2 solutions. For a 10 mM SO 2 concentration, we can further see a mass increase in the oxide formation region, although this shape and rate of mass increase is different to that seen in the absence of sulfur dioxide. For a 4 M H 2 SO 4 solution, the mass change is much smaller than in the case of the 1 M solution despite identical sulfur dioxide concentrations.
Comparative Mass Changes on Gold and Platinum
It was seen in Figure 10 that the open circuit response of the system to sulfur dioxide addition on platinum indicates a mass gain approximating a sulfur dioxide coverage of 2 SO θ = 0.79. This value was determined using an approximation for the initial sulfate adsorption to the platinum surface calculated from the mass change in 1 M H 2 SO 4 in the absence of sulfur dioxide. Sulfate layer coverage on gold can be reasonably assumed to be very similar to platinum according to literature comparisons [21] , therefore the value of 52 ng cm -2 has been taken as the mass of the sulfate layer present prior to sulfur dioxide addition on gold. A comparison of the response on platinum and gold is shown in Figure 14 .
A similar mass change response was observed on a gold electrode (compared to platinum)
after sulfur dioxide addition, although the change is of smaller magnitude and the initial mass gain is followed by a loss. Assuming an equivalent sulfate layer, this implies that a smaller overall sulfur dioxide coverage is attained, initially in this case with 2 SO θ = 0.69. An overall negative mass change of only 5 ng cm -2 occurred after potential holding. If adsorbed sulfur dioxide reduction alone contributed to this loss, a sulfur layer equating to only S θ = 0.07 would have been formed, with a large proportion of adsorbed sulfur dioxide apparently remaining at the electrode surface.
The voltammetric response for platinum and gold is compared in Figure 15 (a). While onset of the mass change coincides with the start of sulfur dioxide oxidation for both gold and platinum, it can be seen that this response is opposite for the different metals (Figure 15(b) ). Unlike platinum, the response on gold decreases consistently until high potentials where a slight increase in mass at the gold surface can be observed. This does not appear to coincide with a specific current response feature; however, this is the region where gold surface oxidation becomes substantial [18] , inhibiting oxidation, and the mass change is likely related. For the cathodic scan on gold, mass is regained at the electrode surface and returns close to its original state, showing a small overall mass change during oxidation -similar to the behaviour on platinum.
Interpretation of Mass Change Results
Mass changes at the electrode surface have not previously been investigated for this reaction, and give crucial information regarding the oxidation mechanism if they can be interpreted correctly.
In order to understand these mass changes, a general mechanism involving diffusion processes and adsorption of reactants and products can be considered, as outlined in Figure 16 .
Five key steps are shown here including:
(1) Diffusion of reactants to the electrode surface.
(2) Adsorption of the reactants to the electrode surface.
(3) Oxidation of adsorbed reactants at the electrode surface.
(4) Desorption of reaction products.
(5) Diffusion of products into the bulk solution.
These processes control the mass change at the electrode surface depending on the rate determining step (RDS) for overall charge transfer. These steps have been simplified for the sake of discussion, and it is expected that other elementary reaction steps are also involved including the formation of a dithionate intermediate in
Step (3), as outlined in Reference [12] .
Consideration of Figure 16 reveals that no net mass change would occur over the course of the oxidation if Steps (1), (2) or (5) were the RDS. Although adsorption is involved in Step (2), once adsorbed the oxidation occurs quickly followed by equally fast desorption of the product species. No build up of either reactants or products would be observed in this case.
A mass gain might be observed if
Step (3) were the RDS since oxidation of sulfur dioxide would then be limiting. Fast adsorption of sulfur dioxide followed by slow oxidation could therefore lead to a build up of adsorbed sulfur dioxide at the electrode surface and a mass gain would be observed -presumably to a saturated coverage.
An increase in mass might also be observed if Step (4) were the RDS since sulfate species would build up due to their slow desorption. This effect would also be potential dependent due to the increased adsorption of the electronegative sulfate/bisulfate species present in solution, as observed in the absence of sulfur dioxide [18] .
Platinum
The deposited mass was observed to increase on a sulfur modified platinum electrode over the course of an anodic scan, with the mass gain following the oxidation response closely for both 10 and 100 mM SO 2 solutions. This indicates that the RDS is not Step (1), (2) or (5), as discussed above. Mixed control with kinetic limitations for a sulfur modified platinum electrode was indicated previously, confirming that limitation by diffusion (Step (1) as RDS) is unlikely.
If we consider
Step (3) as the RDS, the amount of sulfur dioxide adsorbed to the electrode surface would be determined by the rate of oxidation. However for high oxidation rates the amount of adsorbed sulfur dioxide would be expected to decrease even if an excess is initially adsorbed. An opposite mass change response to that observed would therefore be expected, with mass build up as the oxidation rate slows, and mass loss as the rate increases. Alternatively, a mechanistic step within
Step (3) may cause mass build up at the electrode surface; e.g., the formation and dissociation of dithionate [12] . It is possible that slow dissociation of dithionate results in its build up at the electrode surface. This scenario shows similar limitations to Step (4) as the RDS involving the slow desorption of the product sulfate species. For a fast oxidation rate, a build up of sulfate/dithionate species would be expected considering the slow subsequent desorption and/or dissociation of these species. As the oxidation rate decreases, desorption or dissociation of built up species is enabled leading to an overall mass loss. The limiting desorption of sulfate would also explain inhibited behaviour in more concentrated acids. A smaller mass gain is seen in 4 M H 2 SO 4 , as well as a decreased oxidation rate. This is likely to be due to the less favorable concentration gradient observed for more concentrated H 2 SO 4 solutions, with strong limitation of the oxidation rate as a result of the slow subsequent desorption of product species. Comparing results in different acid concentrations suggests a balance of these limitations dependent on the acid concentration. In low concentrations, dissociation of dithionate is limiting since its dissociation is dependent on protonation [24] , while in high acid concentrations the desorption of sulfate becomes limiting with faster dithionate dissociation allowed.
Gold
A mass decrease was observed during sulfur dioxide oxidation on a gold substrate, with the majority of mass regained on cycling. A different RDS scenario is therefore in effect compared to platinum, since neither Step (2) or (3) would result in a mass loss. In fact, mass loss is not expected for any of the possible RDSs proposed here. However, it has been emphasized that the mass change observed using the EQCM is in fact a balance of species which is also dependent on the initial mass due to species adsorbed on the electrode surface prior to oxidation. Some sulfur dioxide is expected to be initially adsorbed onto the gold electrode surface since full reduction of adsorbed species does not occur on gold prior to oxidation. Oxidation of pre-adsorbed sulfur dioxide would occur quickly;
however, exchange with new reactants results in an overall net decrease. As the oxidation rate decreases on the cathodic scan a build up of adsorbed sulfur dioxide would occur since the rate of removal is decreased. It is also possible that, due to a balance of species, the limitations of Steps (3) or (4) are overshadowed due to loss of pre-adsorbed species. However, diffusion limited behaviour is observed for gold with a clear diffusion plateau in dilute solutions. Therefore, the RDS is most likely due to diffusion of reactants to the electrode surface (
Step (1)).
CONCLUSIONS
The oxidation of sulfur dioxide on gold and platinum electrodes has been investigated and the key limitations of each have been proposed as, respectively, diffusion of reactants to the electrode surface, and oxidation of adsorbed reactants or desorption of products formed. It is proposed here that, despite large variations in behaviour on gold and platinum, an essentially similar oxidation mechanism pathway is followed for an activated electrode. Although improved oxidation is enabled through use of a gold electrode or sulfur modification of a platinum electrode, high overpotentials are still observed. Oxidation on platinum and gold can only be slightly improved by surface modification. A more dramatic modification of the electrode surface is required if oxidation is to occur with decreased overpotential. 
